The state of cave research in Austria is outlined from the geological and zoological perspective. Geologic sections include the setting of karst regions, tectonic and palaeoclimatic control on karst, modern cave environments, and karst hydrology. A chapter on the development of Austrian biospeleology in the 20 th century is followed by a survey of terrestrial underground habitats, biogeographic remarks, and an annotated selection of subterranean invertebrates.
INTRODUCTION
Austria has a long tradition of karst-related research going back to the 19 th century, when the presentday country was part of the much larger AustroHungarian Empire. Franz Kraus was among the first worldwide to summarise the existing knowledge in a textbook, Höhlenkunde (Kraus, 1894; reprinted 2009) . Speleological activities continue to prosper in Austria and in particular in the Eastern Alps. Austria currently holds the largest cave system of the European Union (Schönberg-Höhlensystem), the highest show cave in Europe (Spannagelhöhle), some of the largest ice caves on this planet (Eisriesenwelt, Dachstein Rieseneishöhle), as well as a number of very deep caves up to 1.6 km in vertical extent. A total of ca. 15,000 caves are registered in Austria as of 2009. This article provides a summary of Austrian karst geology and subterranean zoology. The last review of caves was published almost four decades ago (Bauer and Zötl, 1972) . Since the publication of a biospeleological summary (Christian et al. 1994 ) a number of records have accumulated which justify surveying zoological achievements and underground biodiversity.
These days, a comprehensive species list is a matter for internet files rather than print. In the present paper, addressed to a broader audience, we disregard most of the slightly troglophilic species. The focus is laid on invertebrates that exhibit regular and close relationships with the subterranean habitat, be it temporarily in a certain phase of the animal's life cycle (subtroglophiles), permanently in certain populations (eutroglophiles), or permanently across the entire species (troglobionts). An easy task as long as terrestrial metazoans are considered, this undertaking proves intricate with aquatic organisms. We do not know of any Austrian air-breathing species that lives truely subterranean (i.e., not in but below the soil) and has never invaded what we usually call caves or mines. There are, however, many stygophiles and stygobionts which have never been observed in caves, though some of them appear capable of colonising karst waters. Thus we add selected faunal information from recent groundwater studies.
GEOSPELEOLOGY
The territory of Austria extends 300 km from north to south and more than 550 km from east to west (83,855 km 2 ). Within this area there is a wide range of landscapes, from the open plains in the east to the high mountains of the Alps, showing a difference in altitude of almost 3700 m.
From the geological point of view, Austria comprises major portions of the Bohemian Massif and the Eastern Alps and their forelands to the north, east and southeast (for a popular introduction to Austria's geological structure and history see Krenmayr, 2002) . Northernmost Austria is part of the southern sector of the Bohemian Massif, composed of crystalline rocks which once formed a Europe-wide mountain range after the Variscan orogeny. The Austrian Alps are the eastern segment of the Alpine arch (often also referred to as the Eastern Alps), a 1200-km-long mountain range that extends from the French Riviera to the Vienna Basin. Three great bands of mountains stretch across much of the country in a west-to-east direction and form the backbone of the Austrian Alps.
The band of mountains lying across northern Austria is generally limestone, the Northern Calcareous Alps (NCA), while the mountains extending across central and part of southern Austria are formed by crystalline rocks, the Central Alps. A rather narrow band of limestones straddles the southern border of Austria, the Southern Calcareous Alps. The low-lying areas surrounding the Austrian Alps -Molasse Basin, Vienna Basin, Pannonian Basin, Styrian Basin -are depressions filled with packages of marine sediments and sediments eroded from the rising Alps during and subsequent to the Alpine orogeny. The evolution of the Austrian Alps reflects relative movements of the African and the Eurasian continental plates and several small plate fragments which collided to form an orogenic belt. Compressional tectonics started as early as 100 million years ago (Middle Cretaceous), closing a seaway of several hundred kilometers in width, and thrusting large packages of rocks on top of each other (Pfiffner, 2009) . Deformation continued until about 30 million years ago (Oligocene), when the major phase of uplift started in the western part of the Austrian Alps. Since that time this part of the Alps has been continuously exposed to erosion and weathering, part of which is karstification.
About one fifth of Austria consists of rocks susceptible to karstification (Kralik, 2001 ) and shows karst features including caves, which are primarily bound to the presence of soluble rocks (limestone, locally dolomite, marble; rarely also gypsum). These areas include the NCA (which represent approximately 80% of Austria's karst areas), parts of the Helvetic nappes in the province of Vorarlberg, metamorphic carbonates scattered throughout the Central Alps including the Grazer Bergland (a karst province also known as Central Styrian Karst), and to a lesser extent also the Southern Calcareous Alps and Southern Alps (Karawanken, Drau Range and parts of the Carnic Alps; Fig. 1 ).
Geologic setting of karst regions
Large karst systems in Austria are bound to the occurrence of rather pure limestone (or calcitic marble), less commonly dolomite, and locally also evaporites (gypsum and anhydrite). Argillaceous rocks underlying or tectonically separating these soluble rocks act(ed) as aquicludes and provided stratigraphic (or tectonic) controls on the distribution of the karst networks. The large caves in the Grazer Bergland, for example, developed in low-grade metamorphic platform carbonates of Devonian age (Schöckl Limestone) and rarely cut into the underlying slates of the Arzberg Formation (Behrens et al., 1992) . In the NCA, caves abound in the Upper Triassic Dachstein Formation, a rather pure and regularly bedded limestone up to 1.5 km in thickness. This unit forms morphologically distinct and isolated plateaus in the central part of the NCA, including the name-giving Dachstein, Totes Gebirge, and Tennengebirge. Austria's twelve longest caves including the Schönberg-Höhlensystem (121 km) and Hirlatzhöhle (96 km) as well as the nine deepest caves including Lamprechtsofen (1,632 m) are cut in Dachstein Limestone (Pfarr et al., 2007 (Audra, 2004) . This type of confined karst development is also referred to as stripe karst (Lauritzen, 2001) . A comparable situation exists at the Hintertux Glacier (Tux Valley, Tyrol), where a 20-m-thick slab of heavily karstified calcite marble is sandwiched between gently to steeply dipping gneiss (Spötl et al., 2004; Fig. 2) .
Rather little is known about caves in Austria that formed due to the action of hydrothermal water (see for a concise review). Although there are a number of thermal springs in different geologic settings (Zötl & Goldbrunner, 1993) , the role of ascending warm palaeowaters in subsurface dissolution remains elusive. A hydroelectric power plant tunnel in the Salzach Valley near Lend, for instance, was flooded by warm water which circulated in karst channels up to several meters in diameter (Horninger, 1959; Spötl et al., 2009 ). Evidence of hydrothermal water related to karst can also be found along the margins of the southern Vienna Basin (Plan et al., 2006) .
A final type of karst, hypogen karst related to hydrocarbon oxidation in conjunction with sulfatesulfide reactions, was only identified at one site, Kraushöhle in Gams (Styria). There, thick deposits of gypsum showing a characteristic sulphur isotopic composition are present in conspicuously wellrounded cave chambers (Puchelt & Blum, 1989) which were produced by sulphuric acid reacting with the carbonate host rock (De Waele et al., 2009 ), comparable to the famous Carlsbad Caverns in New Mexico, USA (Hill, 1990) .
Tectonic control on karst
The Wetterstein Limestone is one of the most important rock builders in the western NCA, but the density of long, horizontal caves is conspicuously lower than in the central and eastern NCA. This decrease in cave abundance along an east-west gradient across the NCA has been attributed to tectonics, which gave rise to differential uplift within the NCA (Frisch et al., 2000 (Frisch et al., , 2001 . The western part including the provinces of Tyrol and Vorarlberg experienced strong and rather continuous uplift since about 30 million years ago (Late Oligocene) and remained a high mountain range since then. In contrast to this western part, the Peggau being an example (Behrens et al., 1992 ) -most passages are fossil, including the huge tunnel of the Drachenhöhle near Mixnitz.
Palaeoclimatic control on karst
Palaeogeographic reconstructions show that the area of the Austrian Alps was surrounded by shallow epicontinental seas of the Neotethys during Oligocene and Miocene times (Steininger & Wessely, 2000) . Caves in the Grazer Bergland, including Lurgrotte and Katerloch, lay within 15 km of the coastline during times of sea-level highstands (Middle Miocene, 17-12 million years ago). Palaeobotanic evidence suggests a subtropical climate during this time, giving rise to wide-spread peat deposition in near-coastal swamps. The central and eastern NCA were probably densely forested lowlands, and well-developed soils in conjunction with high rainfall and warm average temperatures resulted in high rates of karstification. A conspicuous sedimentological feature attributable to this early phase of subtropical cave development is a red, sticky loam found in many cave systems as well as in relics on the surface (Kuhlemann et al., 2008) . These sediments, locally intermixed with Fe-oxide pisolites (Seemann, 1979; Clemens et al.,1995) central and eastern segments of the NCA formed a low-lying, subsiding area during the Oligocene and earliest Miocene with deposition of fluvial gravels (Augenstein Formation). Extensive karst aquifers developed in the thick, commonly flat lying Triassic platform carbonates beneath (Denneborg, 2001) . Uplift commenced in this part of the Eastern Alps only about 10 million years ago (Upper Miocene -Frisch et al., 2000) as a result of orogen-wide extensional stress and gave rise to distinct levels of karst aquifers, today's cave systems (Fischer, 1990 , Audra et al., 2002 , Frisch et al. 2008 . These include the oldest and highest cave level at approximately 2100 m (Ruinenhöhlen-Niveau, ruin cave level), currently being destroyed by surface erosion, the cave labyrinths at 1500-1700 m (Riesenhöhlen-Niveau, giant cave level; Fig. 3 ), which encompass most of Austria's largest and well-known caves, and the deepest horizon (Quellhöhlen-Niveau, spring cave level), today's hydrologically active (i.e. phreatic) cave level. In essence, most of the large, near-horizontal cave systems in the NCA above approximately 1500 m altitude are relics of extensive Tertiary aquifers that drained waters from the Central Alps toward the northern foreland. These phreatic conduits were later modified by vadose processes. A similar evolution took place in the Grazer Bergland. There, large conduits developed progressively at different levels during the Tertiary, related to terraces of the Styrian Basin in the south (Bauer & Zötl, 1972) . Although some of the structurally deeper systems harbor perennial vadose streams today -the Lurgrotte between Semriach and and the common presence of neotectonic fractures dissecting these formations suggest an ancient origin. In addition, intensively weathered speleothem deposits at cave entrances demonstrate that significant time has elapsed since their formation. Several caves in the Central Styrian Karst, for instance, contain speleothem formations with large diameters which are reminiscent of speleothems in caves of the Mediterranean region. The entrance part of Katerloch, one of Austria's most abundantly decorated dripstone caves, hosts a complex stalagmite column about 15 m in diameter. It is tempting to interpret these large formations, which are clearly inactive today, as relics of a subtropical Tertiary climate. The only attempt to radiometrically date large, fossil stalagmites from Austrian caves was largely unsuccessful (using the U/Pb method; Frisch et al., 2001 ). The U content of two large stalagmites from the Dachstein-Mammuthöhle and from the Eisriesenwelt, both belonging to the giant cave level, was too low, but the U and Th isotope data indicated an age in excess of 0.5 million years and probablybut less certain -older than 1.5 million years (Frisch et al., 2001) . A regional U/Th study of several caves in Austria confirms the common presence of speleothem deposits older than ca 0.4-0.5 million years, attesting to the high age of these caves (Spötl et al., 2007; Boch et al., 2006, and unpublished results) . Recently, high U contents permitted to date flowstones in two highalpine caves from the Allgäu Alps precisely to 1.7 and 2.0 million years, respectively .
Climate changed profoundly from Miocene to modern times. The Neotethys sea retreated, perialpine foreland basins were filled by erosion products from the rising alpine mountain arch, and the waxing and waning of mountain glaciers resulted in the well-known alpine topography with U-shaped and overdeepened valleys filled by thick, glacially-derived sediments. Although the role of Pleistocene glaciations on karst development in the Eastern Alps is still a matter of debate, it is generally assumed that glacial melt waters utilised and modified pre-existing underground drainage pathways (the Tertiary palaeoconduits) and gave rise to the development of vadose shafts which extend from the karst plateaus down to these palaeoconduits (and locally deeper). It is rather unlikely, however, that entirely new cave systems formed during glacials (e.g., Audra, 2004 Audra, , 2007 . Except for perched aquifers, the present-day karst water table typically corresponds to the altitude of the valley floors. This results in a commonly very thick unsaturated zone, as shown by a number of vadose shafts approaching and exceeding 1 km in depth (e.g., Bauer, 1969; ). Present-day karst development is widespread in Austria, although at a significantly smaller scale than during the warm and humid Tertiary climate. Modern karst is the result of dissolution by meteoric water charged with carbon dioxide on its way through the soil horizon. This classical karst process is bound to low to mid altitudes where vegetation cover is dense and soils are well developed. Carbon dioxide production and its partial pressure in the soil decrease with increasing altitude, resulting in low dissolution capacities above about 1600-1800 m (transition from green karst, covered by forests, to alpine meadows and finally bare rock (naked karst)). This coincides largely with the altitudinal range of the timberline in the Eastern Alps (Veit, 2002) . Caves located above the timberline are either (tectonically uplifted) relics of Tertiary karst and/or hydrologically related to glaciated areas. Although uniformly retreating since the 1980s, glaciers are widespread in the Central Alps of Austria, where the equilibrium line altitude is presently between 2600 and 2900 m (Veit, 2002) . Caves located near glaciers partially owe their existence to melt waters, which are typically undersaturated with respect to carbonate minerals and are consequently capable of dissolving soluble rocks where initial (fracture) porosity permeability is present. Moreover, these glacier-derived waters show very high seasonal discharge which, in conjunction with abundant silt and sand size particles (rock flour), mechanically abrade the subsurface. This effect is particularly significant in regions where both carbonate and crystalline (quartz-bearing) lithologies
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Modern cave environments
Given the large altitudinal range, caves in Austria show a wide spectrum of cave climate conditions. Interior cave air temperatures, known to mimic the mean annual air temperature outside (cf. Wigley & Brown, 1976) , range from ca. +10°C down to a few degrees below the freezing point. Relative humidity values typically remain near condensation, except for near-entrance regions and passages with a strong draught. The partial pressure of CO 2 varies inversely as a function of the cave's altitude (as well as the intensity of cave ventilation), reflecting the proximity to and the bioproductivity of the soil horizon. Most large Austrian caves show pCO 2 values ranging from slightly above the atmospheric value (2009: 387 ppmv) to a few thousand ppmv. Concentrations of the radioactive noble gas Rn commonly (but not strictly) vary sympathetically with pCO 2 values, but are typically significantly more sensitive to small variations in air flow.
A special aspect of several caves in this country is the presence of thick accumulations of perennial ice (Fig. 4) . These ice caves are considered to be the largest on this planet, including the Eisriesenwelt in Werfen and the Dachstein-Rieseneishöhle in Obertraun, both top tourist attractions. Although trapping of cold winter air is known to be the controlling factor of ice formation and preservation in small, sagtype caves, most of the large ice caves owe their ice deposits to cooling by unidirectional air flow. Ice caves of the "Dachstein Cave Park" (central NCA) are the most intensively studied sites; detailed accounts of ice thickness variations and air flow patterns are available (Saar, 1956; Pavuza & Mais, 1999) . Several ice caves, in particular those of the sag-type, show a decrease in ice thickness since several decades. Large, dynamically ventilated ice caves, however, do not follow this simple pattern and their mass balance is controlled by local factors (e.g., Wimmer, 2008) . Radiocarbon dates of wood fragments embedded in ice suggest that, although some ice in alpine ice caves may be up to a few thousand years old, most appears to have formed during the so-called "Little Ice Age" (ca. 1250-1850). At that time, the climate in large parts of Europe was significantly colder and glaciers advanced considerably.
Karst hydrogeology
Although Austria has a large surplus of water because of the high mountains (Fig. 5) , its water supply depends critically on karst ground water from large karst springs (Schubert, 2000) . Half of the country's population utilises karst water. The cities of Graz, Salzburg, Villach, and Innsbruck are to a large extent supplied by drinking water from karst areas. The most outstanding example is the capital Vienna. Two water lines deliver high-quality water from remote karst regions of the NCA to Vienna: the First Vienna Water Line, operating since 1873, drains water from the Rax and Schneeberg massifs. In 1910 the Second Vienna Water Line was opened and consists of a 220-km-long pipeline which transports (free flowing) water from the northern fringe of the Hochschwab Massif to the capital. Karst spring water in the NCA has a low temperature (5-8°C), is typically slightly alkaline (pH mostly 7.5-8.0), shows low to intermediate carbonate alkalinity (6-18° German hardness) and is mostly of the Ca-Mg-HCO 3 -type (e.g., Herlicska & Lorbeer, 1994; Kralik et al., 2005) . Hydrographs are characterised by a prominent discharge maximum during spring and early summer, reflecting snowmelt in the high-lying infiltration areas. Because of the well-developed karst network, travel time is typically on the order of a few days (Scheidleder et al., 2001 ). These karst aquifers are therefore highly vulnerable to contamination and require well-designed protection strategies, in particular in regions with intensive alpine land use (farming, tourism).
BIOSPELEOLOGY
Austrian entomologists promoted the development of biospeleology during the second half of the 19 th century by describing cave arthropods from the the Classical Karst and the Kočevje district in the former Duchy of Carniola (Christian, 2003) . In the larger part of present-day Austria, however, cave invertebrates have been ignored until the 1920s. The reason was the apparent lack of troglomorphic beetles in the NCA. Karl Holdhaus had explained the absence of blind soil beetles in the area north of the rivers Gail and Drau (Drava) with Pleistocene extinction (Holdhaus, 1906) . Tacitly expanding this hypothesis, biospeleologists denied the existence of troglobiont animals in the NCA. The difference to the cave fauna of the Southern Calcareous Alps was striking because the narrow strip along the southern border of Austria had yielded a variety of troglobionts, including blind beetles.
It was a paradigm shift when Josef Meixner described the eyeless carabid Arctaphaenops angulipennis (Fig.  6 ) from a cave in the Dachstein (Meixner, 1925) . The Holdhaus theory, though firm in its central thesis of Pleistocene species decline in soil and underground habitats of the Northern Alps, did not apply to single "lucky ice-age survivors"! Searching for troglobiont animals in formerly glaciated regions was no longer a forlorn attempt. Even some older material appeared in a new light, as shown by records of cave palpigrades (Fig. 7) released immediately after the Arctaphaenops publication (Wettstein-Westersheim, 1926; Wichmann, 1926; see Vornatscher, 1950) .
At that time Hermann Spandl presented a monograph on the fauna of subterranean waters (Spandl, 1926) in the series Speläologische Monographien launched by Georg Kyrle, the only professor of speleology ever installed at an Austrian university. Groundwater zoologist Dan Danielopol refers to Spandl as the founder of modern groundwater ecology (Danielopol, 2001) . This branch of subterranean biology has flourished in Austria since the late 1960s. Research has been focused on hyporheic habitats, on saturated porous aquifers and, to a lesser extent, on springs in karst and non-karst areas. The Danube alluvial aquifer in the Vienna Basin turned out to be a hotspot of subterranean biodiversity, with as many as 35 stygobiotic species (Danielopol et al., 2000; Danielopol & Pospisil, 2001; Pospisil, 1994 Pospisil, , 1999 . Investigations during the last twenty years, principally by Martin Haase, uncovered a high species richness of hydrobiid snails in Austria (see Reischütz & Reischütz, 2009 ). Cave water communities in the proper sense are poorly studied, with the exception of Lurgrotte north of Graz (Neuherz, 1974 , and a current investigation by Fabio Stoch, Trieste; the terrestrial fauna of this cave was described by Neuherz, 1975) . The epikarst habitat is still largely unexplored.
Josef Vornatscher, the dominant figure of Austrian biospeleology for half a century, started off around 1930. He was inspired by zoological investigations of Hans Strouhal in the caves near Villach in southern Carinthia (Strouhal, 1939 (Strouhal, , 1940 described several new arthropod species. For a catalogue of Austria's recent cave animals Vornatscher compiled own data, files of the late Hans Strouhal and all relevant literature (Strouhal & Vornatscher, 1975) .
Starting 1940, Karl Mandl published new taxa of bathysciine beetles from caves and mining galleries in the South Carinthian Karawanken Mountains. The range of the carabid genus Arctaphaenops, endemic to the eastern NCA (Fig. 8) , took shape from the mid 1960s on, when Manfred Schmid described most of the nominal species . In 1962, Max Beier presented another show-piece of the NCA cave fauna, the troglomorphic pseudoscorpion Neobisium aueri (Fig. 9) .
Taxonomy and biogeography are central, but not the sole fields of biospeleology in Austria. Karl Mais published an eco-physiological study of two cavedwelling springtail species (Mais, 1969) . Gerald Kastberger uncovered ethological traits of the cave cricket Troglophilus cavicola (see Ensifera below). For her doctoral thesis at the University of Münster, Germany, Evelyn Rusdea conducted a series of outdoor and laboratory investigations into the life history and evolutionary biology of the ground beetle Laemostenus schreibersii (see Rusdea, 1998) .
Habitats of subterranean land fauna
Caves have been inspected for underground biota for more than one and a half centuries. But while even early groundwater zoologists considered aquifers of all dimensions, students of land-living subterranean fauna confined their research to chambers and passages accessible to humans for a long time. It was chiefly the realisation of a milieu souterrain superficiel (MSS) in the 1980s (Juberthie et al., 1980 ) that broadened classical biospeleology towards a general subterranean biology.
Thereupon the investigation of smaller spaced cavities, in solid rock as well as in unconsolidated sediments, started also in Austria. Several papers deal with the interstitial collembolan biodiversity in littoral and inland sands (e.g., Thibaud & Christian, 1997 sampled. Christian (1985 Christian ( , 1987 Christian ( , 1993 ) studied an ice-bearing talus slope in southern Carinthia and a similar extrazonal permafrost soil in Lower Austria. Spider records from Tyrolean MSS habitats in the NCA and the Central Alps were published by Ruzicka & Thaler (2002) . Zacharda ( a, b, c, d, 2001 ) investigated rhagidiid mites in talus deposits of the Ötztal Alps, Tyrol, and found a number of new species.
A peculiar habitat was explored by Christian (1998 a, b, c) in the Pleistocene gravel floor of the catacombs of St. Stephen's Cathedral in the heart of Vienna. Significant results of this study were first Austrian records of subterranean springtails, the discovery of a new springtail species, and the record of the palpigrade Eukoenenia austriaca which previously had been known only from caves.
Faunal survey
The following compilation of multicellular invertebrates from Austrian caves is far from exhaustive. This is partly caused by the different views of what we call a cave animal. If information on life cycle, specific ecological demands and distribution are available, a species from the air-filled cave environment can be readily classified, for instance in terms of the trogloxene/troglobiont spectrum. Nevertheless, the colloquial expression "cave animal" remains ambiguous. It may be limited to obligatory dwellers of proper caves or extended to animals with any specified relationship to any cave-like habitat. Here we register the troglobiont and many of the eutroglophilic and subtroglophilic terrestrial fauna of Austria. Intricate is the distinction between cave water and ground water dwellers, again mainly for terminological reasons. But even a more appropriate differentiation into the animal assemblages of porous, fissure, and karst waters carries some ambiguity. Hence we include a selection of aquatic species which have been recorded chiefly from subterranean habitats in Austria, whether or not they were sampled in caves.
The nomenclature was implicitly adapted to current usage where necessary. References to (sub)species names are given without comma between author and year, yet fully referenced in cases they provide information on the Austrian fauna.
Turbellaria
Flatworms of Austrian caves are poorly studied. Old records (e.g., in Strouhal & Vornatscher, 1975) should be re-examined. Neuherz (1974) found in the Styrian Lurgrotte 11 species, three of which he regarded as stygobiont: Phagocata paravitta (Reisinger 1923), P. racovitzai (de Beauchamp 1932) , and Dendrocoelum nausicaae Schmidt 1861. The groundwater planarians Dendrocoelum maculatum candidum Kenk 1978 and P. paravitta are known exclusively from Austria, but Kenk (1974) suspects the latter to be a synonym of the South European P. olivacea (Schmidt 1861).
Nematoda
Eder (1979) published one of the very few contributions to the nematode fauna of Austrian caves and reported, among others, the possibly eutroglophilic species Cephalobus troglophilus Andrássy 1967 from Hermannshöhle. Theristus franzbergeri Schiemer 1984, a groundwater nematode of marine origin, is an endangered species endemic to the Vienna region.
Gastropoda
Two taxa of underground Carychiidae, Zospeum isselianum Pollonera 1887 and Zospeum alpestre kupitzense Stummer 1984 , occur in the Southern Calcareous Alps, at the northern border of the range of the genus. They inhabit fissures rather than spatious caves (Maier & Gressel, 1977 (Reischütz, 1988 (Reischütz, , 1997 Haase, 1992 Haase, b, 1994 Haase, , 1995 Haase, , 1996 Fischer & Reischütz, 1995; Haase & Mildner, 1996; Haase et al., 2000) . Half the endemic (sub) species were described during the past 20 years. Internal anatomy has been considered in many of the more recent descriptions and revisions (e.g., Haase, 1995) .
Annelida
The stygobiont polychaete worm Troglochaetus beranecki Delachaux 1921 is widespread in Austrian ground waters, but seldom captured. Tilzer (1973) studied the dispersal ability of T. beranecki in an interstitial habitat. Cave records are missing in Austria. Neuherz (1974) ranks Aeolosoma hemprichi Ehrenberg 1831 among the stygophilic biota of Lurgrotte.
Araneae
Trogloneta granulum Simon 1922 and Porrhomma myops Simon 1884 were reported from MSS habitats in rock stream and talus deposits (Breuss, 2001; Ruzicka & Thaler, 2002; Thaler, 1975 (Fig. 10) .
Palpigradi
Five closely related taxa, currently attributed to two species, occur in Austrian caves and MSS habitats (Strouhal 1936) , and E. austriaca styriaca Condé & Neuherz 1977 . The Austrian range of E. spelaea (Fig. 7) covers nearly the entire range of the NCA, the Central Styrian Karst, and the Saualpe in Carinthia, whereas E. austriaca has been recorded from the Villacher Alpe (Carinthia) and the Central Styrian Karst northward to the center of Vienna (Christian, 1998 b, 2004 b) .
Pseudoscorpiones
Eutroglophilic species are Chthonius ellingseni Beier 1939 in Carinthia and Neobisium hermanni Beier 1938, originally described from Hermannshöhle in Lower Austria. Roncus carinthiacus Beier 1934, a troglobiont neobisiid of southern Carinthia, is blind but otherwise little troglomorphic. Fig. 8 shows the distribution area of the single troglobiont pseudoscorpion of the NCA, the conspicuously troglomorphic Neobisium aueri Beier 1962 (Fig. 9) . The species is endemic to the Totes Gebirge and Warscheneck Mountains (for records see Gaisberger, 1984) .
Opiliones
Among the subtroglophilic harvestmen, Amilenus aurantiacus (Simon 1881) is most frequently observed in caves, sometimes in hibernating colonies of thousands of individuals. Ischyropsalis carli Lessert 1905 and I. helvetica Roewer1906 extend from Switzerland over the western provinces Tyrol and Vorarlberg (Breuss, 2004) , whereas the likewise eutroglophilic I. kollari C.L. Koch 1839 inhabits a larger area from Tyrol eastward. I. hadzii Roewer 1950, the only troglobiont harvestman of Austria, is an endemic species of the Karawanken and the Steiner Alps in Carinthia and Slovenia (Komposch & Gruber, 2004) .
Acari
Parasitus loricatus (Wankel 1861) is a frequently reported eutroglophilic mite. Another representative of the Mesostigmata, Amblyseius caviphilus Karg 1986, was described based on females that inhabited abandoned cocoons of Meta menardi in two Lower Austrian caves. A study of the oribatid fauna of Hermannshöhle (Bruckner, 1997) Christian (1997) , was occasionally also found in ground water, in springs and in the benthos of deep lakes.
Copepoda
A number of stygobiont Cyclopidae are known exclusively from Austria: Acanthocyclops gmeineri Pospisil 1989, Austriocyclops vindobonae Kiefer 1964, Diacyclops danielopoli Stoch 1999, and D. felix Pospisil & Stoch 1999 , all of them collected in alluvial sediments of the Danube plain (Pospisil, 1989; Pospisil & Stoch, 1999) Several cyclopoid species reported from porous aquifers in Austria (see Pospisil, 1994; Gaviria, 1998) 
Ostracoda
Five ostracod taxa are exclusively known from Austrian groundwater habitats (Gaviria & Pospisil, 2009) : the interstitial species Fabaeformiscandona tyrolensis (Löffler 1963) and the dwellers of porous ground water Mixtacandona laisi vindobonensis (Löffler 1963) , M. spandli Rogulj & Danielopol 1993 , M. transleithanica (Löffler 1960 , and Cryptocandona kieferi danubialis Namiotko et al. 2005 . An undescribed Kovalevskiella species occurs in the Vienna Basin. The ostracod fauna of cave waters is poorly studied. Neuherz (1974) reported the palaearctic, stygophilic species Cavernocypris subterranea (Wolf 1920) from Lurgrotte.
Syncarida
Since the 1940s, when the first Bathynellacea were recorded in Austria, cave specimens (Fig. 11) have mostly been attributed to Bathynella natans Vejdovsky 1882 or Bathynella chappuisi Delachaux 1920. The determinations are doubtful, however. Antrobathynella stammeri (Jakobi 1954) and Bathynella vindobonensis Serban 1989 were extracted from groundwater samples.
Amphipoda
Older compilations of Austrian Niphargus records (e.g., Vornatscher, 1965; Straskraba, 1972) are largely obsolete. They listed up to twelve species, whereas Karaman (1992) reported only five, mainly from alluvial ground waters. The taxonomy of Niphargidae is still far from settled. On the basis of fresh material, F. Stoch (in litt.) Neuherz, 1984) . According to a current study (Fišer et al., in press ), Austrian records of "N. tatrensis" (including Schellenberg's subspecies salzburgensis) or "N. sp. gr. tatrensis" pertain to N. aggtelekiensis throughout. As generally with Niphargus, however, molecular data are required to evaluate this hypothesis. N. strouhali Schellenberg 1933, formerly considered as endemic to southern Carinthia (Eggerloch, Villach), and N. danielopoli Karaman 1994 , described from Styria, were lately recorded in the Carnic Alps and other sites in Northern Italy (Karaman, 1994; Stoch, 2004) . N. inopinatus Schellenberg 1932, redescribed by Karaman (1992) , is distributed over Central Europe. Published Austrian records are from alluvial sediments between the Vienna and Salzburg regions and F. Stoch (in litt.) collected the species in the Mausrodlhöhle near Lunz am See. The type locality of N. schusteri Karaman 1991 is a well near Wildon, Styria, the single known locality of N. vornatscheri Schellenberg 1934 a well in the Prater floodplain, Vienna. High species density is occasionally found in porous ground waters. As many as six Niphargus species co-occur at a 0.8 km 2 small sampling area in the Lobau floodplain of the River Danube, Vienna (N. bajuvaricus Schellenberg 1932, N. inopinatus Schellenberg 1932 and four species determined to group level), along with Niphargopsis casparyi (Pratz 1866) and Crangonyx subterraneus Bate 1859 (Danielopol & Pospisil, 2001) .
Isopoda
The only known troglobiont woodlouse of Austria, Trichoniscus styricus Strouhal 1958, was described
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Karawanken Mts.) are located in southern Carinthia. Records of Plusiocampa caprai Condé 1950 (Lombardy, Grisons, North Tyrol, Carinthian Central Alps) are mostly from caves, but also from alpine and dealpine surface habitats (Christian et al.,1996) . The present author collected a specimen of the Plusiocampa spelaea group (det. H. Neuherz) in a Roman water conduit of ancient Carnuntum, eastern Lower Austria (P. spelaea Stach 1929 was originally described from the Baradla Cave in northeastern Hungary). The intricate taxonomy of the troglobiont Plusiocampa populations occurring in the NCA is additionally nebulised by inconsistencies in nomenclature. Names such as P. cavicola Stach in litt. (nomen nudum) circulate in the literature. Records from caves in several provinces were assigned to P. strouhali cavicola Silvestri 1943 (in Vornatscher, 1943 , a taxon that might contain a number of cryptic species. Rich Plusiocampa material from Austrian caves (leg. H. Neuherz) is held in the collection Bruno Condé, Nancy.
Collembola
Bonetogastrura cavicola (Börner 1901) (Fig. 13 ), Austria's most common hypogastrurid cave springtail, is distributed outside of the late Würmian ice shield. In terms of eye-reduction, the species displays increasing troglomorphy towards the interior of the Alps (Christian, 2002) . Bonetogastrura spelicola (Gisin 1964 ) is endemic to the eastern part of the NCA. The single troglobiont neanurid species, Deutonura mirabilis Deharveng 1987, was described from a mining gallery in southern Carinthia. Onychiuridae account for the bulk of underground collembolan biodiversity. Cribrochiurus cribrosus (Gisin 1957) exhibits a scattered distribution within the area of Pleistocene glaciation in Switzerland and Austria (Fig.  14) , whereas Micraphorura pseudoraxensis (Nosek & Christian 1983) , M. hackeri (Christian 1986 ) and M. melittae (Christian 1993) Fig. 14; see Christian, 2002 for a discussion of from the Grasslhöhle in the Central Styrian Karst . Androniscus stygius tschameri Strouhal 1935 occurs in the Eggerloch (Villach, Carinthia: type locality) and in Slovenian caves. Mesoniscus alpicola (Heller 1858) lives under stones at higher elevations but becomes increasingly troglophilic towards the lowland (Fig. 12) . Two subspecies of the ground water dwelling Proasellus slavus have been described on the basis of Austrian type specimens: P. slavus vindobonensis (Karaman 1955) and P. slavus salisburgensis , both collected in alluvial sediments. The former cooccurs with P. strouhali (Karaman 1955) in the Lobau sampling area, Vienna (Danielopol & Pospisil, 2001) . P. strouhali is the most common stygobiont isopod in Austria, recorded from alluvial sediments, springs in Flysh and conglomerates (Strouhal, 1958 b) , and caves (Mausrodlhöhle near Lunz am See: Strouhal, 1958 b; F. Stoch, in litt.) . A still unidentified subspecies of Proasellus cavaticus (Leydig 1871) was reported by Strouhal (1958 b) from the Schneckenloch (Bregenzer Wald, Vorarlberg).
Diplopoda
Trachysphaeridae have been reported from several East Austrian caves. Specimens from the Lurgrotte were determined as Trachysphaera fabbrii (Verhoeff 1929) , a species that also lives under stones on Mt. Ötscher, Lower Austria (Sillaber, 1986) . The widespread polydesmid species Brachydesmus subterraneus Heller 1858 occurs in caves of the Villach region. Polydesmus xanthokrepis Attems 1898, endemic to the NCA, was collected in several Salzkammergut caves. Attemsiidae include a number of eutroglophilic species in Austria: Polyphematia moniliformis (Latzel 1884) in the NCA and at the eastern margin of the Alps (Thaler & Neuherz, 1978) ; two members of the genus Syngonopodium, which is endemic to the NCA between the rivers Salzach and Enns (Gruber, 2009) (Strasser 1967) was originally described under the new genus name Alpityphlus from Hollerloch in the Untersberg south of Salzburg. As realized later, this cave was located a few hundred meters beyond the border to Bavaria, but eventually the single NCA species of the genus Typhloiulus has been recorded on Austrian territory in the Dachstein region (see Fritsch, 1998) . T. seewaldi is the single troglobiont millipede of the country, known from the tunnel Warmwasserstollen a little above Lake Hallstättersee and the nearby cave Obere Brandgrabenhöhle in the northern part of the Dachstein Massif, Upper Austria (Fig. 8) .
Diplura
The distribution patterns). A Central Styrian cave species of unsettled generic affiliation (near Hymenaphorura) was described as Onychiurus reisingeri Neuherz 1979 .
Gnathofolsomia palpata Deharveng & Christian 1984 , a possibly troglobiont species of a monotypic isotomid genus with modified, sweeping mouthparts, is endemic to the border triangle Salzburg -Upper Austria -Styria. Among Entomobryidae, Pseudosinella stands out for the variety of subterranean life-forms. Austrian species range from eye-bearing (e.g., P. duodecimpunctata Denis 1931 and P. seyleri Stomp & Tommasi-Ursone 1989) over blind edaphomorphic (e.g., P. bidenticulata Barra 1967) to blind troglobiont forms with different degrees of troglomorphy. The latter are represented by the endemic species P. vornatscheri Gisin 1964 , P. aueri Gisin 1964 , P. salisburgiana Gisin & Da Gama 1969 (Fig. 14) , P. styriaca Neuherz & Nosek 1975 , P. christiani Stomp 1986 and P. passaueri Stomp, Tommasi-Ursone & Christian 1991 (Stomp, 1986 Stomp & TommasiUrsone, 1989) .
Arrhopalites pygmaeus (Wankel 1860) is the most widespread subterranean springtail of the order Symphypleona. Another markedly eutroglophilic species, Disparrhopalites patrizii (Cassagnau & Delamare Deboutteville 1953) , was recorded in the catacombs of St. Stephen's Cathedral, Vienna, along with the neelid Megalothorax sanctistephani Christian 1998.
Ensifera
The ranges of the two subtroglophilic cave crickets (Rhaphidophoridae) of Austria were mapped by Moog (1982) and Christian (2008 b) . Troglophilus cavicola (Kollar 1833) (Fig. 15) is distributed in the southern and eastern part of the country, whereas records of T.
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Carabidae -Trechini
* Duvalius meixneri Kreissl 1993 [C] Orotrechus carinthiacus Mandl 1940 [S] Orotrechus haraldi Daffner 1990 [S] Arctaphaenops angulipennis angulipennis (Meixner 1925) (Syn.: A. nihilumalbi Schmid 1972; A. putzi Fischhuber 1986; A. celinae Genest 1991) [N] Arctaphaenops angulipennis styriacus Winkler 1933 (Syn.: A. ilmingi Schmid 1966 A. hartmannorum Schmid 1972) [N] Arctaphaenops gaisbergeri Fischhuber 1983 [N] Arctaphaenops muellneri Schmid 1972 (Syn.: A. helgae Schmid 1975 Mandl 1944 [S] neglectus Krauss 1879 are restricted to Carinthia and Styria. Several ethological aspects of T. cavicola were investigated at the University of Graz (Kastberger, 1982 (Kastberger, , 1984 (Kastberger, , 1985 (Kastberger, , 1990 Kastberger & Kropf, 1991; Kastberger & Stabentheiner, 1989) .
Coleoptera
Some tendency towards troglophily is observed in the trechine carabids Trechus austriacus Dejean 1831 and Trechoblemus micros (Herbst 1784). Although the blind Duvalius meixneri Kreissl 1993 has been reported from only three caves west of Graz, morphological characters of the species indicate rather a dweller of deep soil and MSS habitats. Austrian representatives of the genera Orotrechus (two species), Anophthalmus (seven species-group taxa) and Aphaenopidius (one species), consistently blind and mostly troglobiont (Tab. 1), are limited to the Southern Calcareous Alps, mainly to the area south of River Drau (see the range of Anophthalmus in Fig. 8 ). In contrast, there is only one genus of blind, troglobiont Carabidae in the NCA, namely Arctaphaenops (Fig.8) . Ten nominal species have been described, but a revision based on abundant material (Daffner, 1993) reduced the number of accepted species to three, plus one subspecies. A. angulipennis is distributed over the (relatively) largest area, with ssp. angulipennis (Meixner 1925) (Fig. 6) Rusdea (1992 Rusdea ( , 1994 Rusdea ( , 1998 Rusdea ( , 1999 the country. In Fig. 8 this region is represented for the most part by the range of Anophthalmus ground beetles. The biogeographic borderline passes the courses of the rivers Gail and Drau only at Villach where the Villacher Alpe harbors a southern toned cave fauna with, e.g., Anophthalmus schatzmayri. North of this line also the numbers of slowly dispersing soil arthropods decrease suddenly.
In contrast to this strip of high underground biodiversity, the Central Alps are extremely poor in terrestrial obligatory cave dwellers. This is not only due to the paucity of suitable habitats there. If ancient troglobionts had ever existed in the Central Alps, they were wiped out by the Würmian glaciers at the latest. Evidence supports the view that Pleistocene glacial periods decimated the fauna of the NCA less drastically. Cavernicolous taxa endemic to the NCA -those mapped in Fig. 8 and several othersdisplay highest biodiversity, both in terms of species numbers and distinctiveness, in the eastern part of the NCA between the rivers Salzach and Traisen. This area largely overlaps with the region of highest overall density of endemic plant and animal species in Austria (Rabitsch & Essl, 2009) .
Single subterranean species have obviously survived at least the Würmian glaciation within or near their current ranges in the NCA, best indicated by the strikingly troglomorphic pseudoscorpion Neobisium aueri (Figs. 8, 9 ). Holocene immigration from the south, across the main ridges of the Alps, appears unlikely for such arthropods with restricted means of dispersion. This raises the question as to the shelters where endemics of the NCA caves may have endured the last glaciation. Christian (2002) compared current distribution patterns of cavernicolous Collembola in Austria and inferred four types of Quaternary range formation: (i) Holocene range expansion into formerly ice-covered regions; persistence (ii) in periglacial refugia (massifs de refuge) or (iii) in underground shelters at the borders of the the ice shield, without Holocene range expansion deep into formerly ice-covered regions; and (iv) survival on ice-free peaks and precipices (nunataks) amidst the continuous ice cover. Generally, the first scenario should apply to subtroglophilic and eutroglophilic species, whereas Holocene long-distance range expansion of troglobionts remains doubtful. The current distribution of the collembolan Cribrochiurus cribrosus, indicating survival on nunataks, is paralled by no other cave-dwelling species in Austria (Fig. 14) .
Several species regularly occur in surface habitats of the alpine zone and become increasingly troglophilic at lower elevations. The woodlouse Mesoniscus alpicola and the springtail Isotomurus alticolus are examples for this height dependent change of the preferential habitat, termed refugiocaval distribution by Janetschek (1952) . The temperature rise at the onset of the Holocene enabled such cold-adapted hygrophilic species to (re)conquer inner Alpine mountains, but drove them into subterranean shelters in the lowland.
longulus Kellner 1846 were reported from Austrian caves.
Blind Leiodidae occur in caves and mining galleries of the Southern Calcareous Alps (Tab. 1). They belong to the Bathysciina and exhibit insignificant troglomorphy. The principal habitat of Lotharia angulicollis Mandl 1944 , known solely from the type locality Hochobir, and Aphaobius milleri (Schmidt 1855), represented by the ssp. winkleri Mandl 1944 and two subspecies of doubtful validity, is probably the MSS.
Hymenoptera
Ichneumonids of the genus Diphyus are frequently found wedged in small cavities in the cave entrance region. The most common species is Diphyus quadripunctorius (Müller 1776).
Trichoptera
Adult caddisflies which more or less regularly undergo summer diapause in caves (Malicky & Winkler, 1974) 
Lepidoptera
All the common Central European subtroglophilic moths and butterflies invade Austrian caves for diapause or hibernation, with Scoliotperyx libatrix (L.) and Triphosa dubitata (L.) being by far the most widespread. Notable is the winter sojourn of the acrolepiid moth Digitivalva pulicariae (Klimesch 1956) in caves of the easternmost karst region of Austria (Christian & Moog, 1982) .
Diptera
Subtroglophilic and eutroglophilic representatives of various dipteran families occur regularly in Austrian caves. Common species include Chionea austriaca (Christian 1980) 
Biogeographic remarks
The small Austrian portion of the Southern Calcareous Alps exhibits a higher biodiversity of air-breathing subterranean animals than the rest of
